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Aquaporin 3 is a channel that transports both water and
glycerol. Aquaporin 3-de¢cient mice exhibit skin de-
fects, including decreased glycerol content and impair-
ment of water holding capacity, barrier recovery, and
wound healing. Whether aquaporin 3 and its glycerol
transporting capacity are involved in regulating kerati-
nocyte function, we have previously shown that phos-
pholipase D2 can metabolize phospholipids in the
presence of glycerol to yield phosphatidylglycerol. We
hypothesized that aquaporin 3 is involved in the regula-
tion of keratinocyte function by a mechanism involving
the interaction between aquaporin 3 and phospholipase
D. Using sucrose gradient centrifugation, immunopre-
cipitation analysis, and confocal microscopy, we found
that aquaporin 3 and phospholipase D2 colocalized in
caveolin-rich membrane microdomains. In addition,
aquaporin 3 expression was downregulated at the tran-
scriptional level and glycerol uptake was reduced upon
primary mouse keratinocytes to di¡erentiation in re-
sponse to an elevated extracellular calcium concentra-
tion or 1,25-dihydroxyvitamin D3. Our results suggest
that aquaporin 3 and phospholipase D2 form a signaling
module in lipid rafts, where aquaporin 3 transports gly-
cerol to phospholipase D2 for the synthesis of phospha-
tidylglycerol. Phosphatidylglycerol, as a bioactive lipid,
could potentially mediate the e¡ects of the aquaporin
3-phospholipase D2 signaling module, with aquaporin
3 as a modulatory unit, in the regulation of keratino-
cyte function. Key words: aquaporin/keratinocytes/lipid
rafts/phosphatidylglycerol/phospholipase D. J Invest Dermatol
121:1487 ^1495, 2003
T
he epidermis is a continuously regenerating tissue,
which di¡erentiates to produce a mechanical and
water permeability barrier, thus making possible a
terrestrial existence. The structure of the epidermis
is maintained by a ¢nely tuned balance between ker-
atinocyte proliferation and di¡erentiation, which results in a mul-
tilayer structure consisting of basal, spinous, granular, and
corni¢ed layers. Once committed to di¡erentiation, the cells in
the basal layer lose their proliferative potential and move toward
the terminally di¡erentiated corni¢ed layer (for reviews, see:Yus-
pa et al, 1990; Bikle and Pillai, 1993). Despite intense investigation
and data implicating elevated extracellular calcium levels, 1,25-di-
hydroxyvitamin D3, and other molecules (Bikle and Pillai, 1993),
the exact mechanisms by which the keratinocyte di¡erentiation
process is initiated and regulated remain unclear.
Aquaporins are a family of small transmembrane water and/or
glycerol channels. Currently, 11 mammalian aquaporins (AQP0^
10) have been identi¢ed and characterized. According to their
structural and functional properties, aquaporins can be divided
into two subgroups: ‘‘aquaporins’’, which transport only water,
and ‘‘aquaglyceroporins’’, which can transport both water and gly-
cerol (Borgnia et al, 1999;Verkman and Mitra, 2000; Hatakeyama
et al, 2001). AQP3, which belongs to the aquaglyceroporin sub-
group, is a relatively weak transporter of water but an e⁄cient
transporter of glycerol (Yang and Verkman, 1997). AQP3 was in-
itially cloned from kidney collecting cells (Echevarria et al, 1994;
Ishibashi et al, 1994; Ma et al, 1994), but is also expressed in red
cells (Roudier et al, 1998), dendritic cells (de Baey and Lanzavec-
chia, 2000) and epithelial cells from a variety of tissues, including
the urinary, digestive, and respiratory tracts, and the epidermis
(Frigeri et al, 1995; King et al, 1997; Nielsen et al, 1997; Koyama
et al, 1999; Matsuzaki et al, 1999; Ramirez-Lorca et al, 1999). In
epidermal, tracheal, and nasopharyngeal epithelium, AQP3 is
present in basal cells (Nielsen et al, 1997; Matsuzaki et al, 1999).
AQP3-de¢cient mice display selectively reduced glycerol con-
tent, as well as decreased water holding capacity in the epidermis,
impaired skin elasticity, delayed barrier recovery after stratum
corneum removal and delayed wound healing (Hara et al, 2002;
Ma et al, 2002). These phenotypes of AQP3-de¢cient mice
suggest a possible role of AQP3 in regulating keratinocyte
proliferation and di¡erentiation. In HaCaT cells, a human kerati-
nocyte cell line, Sugiyama et al (2001) reported that AQP3
mRNA expression was upregulated when cells were exposed to
hypertonic medium. No evidence has been presented, how-
ever, concerning the function and regulation of AQP3 in pri-
mary keratinocytes or in response to keratinocyte di¡erentiating
agents.
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Glycerol, as an important intermediate of energy metabolism,
a substrate for biosynthesis of various lipids, a regulator of osmo-
larity and a chemical chaperone, plays fundamental roles in var-
ious physiologic processes, including: (1) glucogenesis; (2) lipid
synthesis (where it can serve both as the backbone of phospholi-
pids and tri-, di-, and monoglycerides, as well as the head group
of the phospholipid, phosphatidylglycerol); (3) glucose homeosta-
sis; (4) osmoregulation; and (5) apoptosis (reviewed in Brisson
et al, 2001). For centuries glycerol has also been used extensively in
topical skin preparations, and direct evidence for the importance
of glycerol in skin physiology has been presented in recent studies
using AQP3-de¢cient mice and sebaceous gland-de¢cient mice
(Fluhr et al, 2003; Hara and Verkman, 2003). In AQP3-de¢cient
mice (Hara and Verkman, 2003), glycerol, but not glycerol ana-
logs, applied either topically or orally, returns epidermal glycerol
concentration to near normal levels and corrects the defective
skin hydration, elasticity, and barrier function observed in these
mice. Similarly, glycerol, but not sebaceous lipids or urea, an-
other endogenous humectant, increases stratum corneum hydra-
tion in sebaceous gland-de¢cient mice, which display decreased
glycerol concentration and stratum corneum hydration as well as
epidermal hyperplasia (Fluhr et al, 2003). The precise mechanism
of glycerol’s function in skin, however, is unclear.
Phospholipase D (PLD) catalyzes the hydrolysis of phosphati-
dylcholine to generate phosphatidic acid and choline. Phosphati-
dic acid and its metabolites, diacylglycerol and lysophosphatidic
acid, have been shown to be involved in multiple physiologic
events (for reviews, see: Liscovitch et al, 2000; Exton, 1997). In
the presence of primary alcohols, PLD can also catalyze the trans-
phosphatidylation reaction to generate phosphatidylalcohols
(Waite, 1999).We have shown that both in situ and in vitro, PLD
can metabolize phosphatidylcholine in the presence of the phy-
siologic primary alcohol glycerol to yield phosphatidylglycerol.1
Two isoforms of mammalian PLD, PLD1 and PLD2, have been
identi¢ed. PLD1 has a low basal activity and is activated by small
G proteins (Arf, Rho, and Rac) and protein kinase C, whereas
PLD2 is constitutively active, at least when transfected into insect
cells and monitored in vitro (Hammond et al, 1995; Colley et al,
1997). Both PLD require phosphatidylinositol 4,5-bisphosphate
as a cofactor and have been shown to be expressed in keratino-
cytes (Colley et al, 1997; Griner et al, 1999). 1,25-Dihydroxyvita-
min D3, a keratinocyte di¡erentiating agent, induces PLD1, but
not PLD2 expression (Griner et al, 1999). In HaCaT cells, PLD2
has been located in caveolin-rich membrane microdomains
(Czarny et al, 2000).
Lipid rafts are de¢ned as a series of discrete plasma membrane
microdomains containing distinct lipids and proteins (Simons
and Ikonen, 1997; Brown and London, 1998). These membrane
microdomains provide platforms for preserving the speci¢city
and e⁄ciency of cell signal transduction processes (Smart et al,
1999; Simons and Toomre, 2000). Membrane microdomains are
enriched in cholesterol and sphingolipids. They can be isolated
based on their detergent insolubility and/or low-buoyant density
using discontinuous sucrose gradient ultracentrifugation. Caveo-
lae are a subset of lipid raft microdomains, which are character-
ized electron microscopically as £ask-shaped invaginations of 50
to 100 nm diameter in the plasma membrane. Caveolin 1 is the
¢rst structural protein component identi¢ed in caveolae and has
been functionally implicated in a wide variety of signal trans-
duction processes (Smart et al, 1999). In addition, caveolin 1 has
recently been shown to associate with lamellar bodies in kerati-
nocytes (Sando et al, 2003).
In this study, we present evidence that AQP3 was colocated
with PLD2 in caveolin-rich membrane microdomains. In addi-
tion, we demonstrated that AQP3 mRNA, protein, and function
were downregulated during keratinocyte di¡erentiation.
MATERIALS ANDMETHODS
Materials Calcium-free minimal essential medium and
antibiotics were obtained from Biologos, Inc. (Maperville,
Illinois). Bovine pituitary extract, epidermal growth factor,
Trizol reagent, and the Thermoscript reverse transcription^
polymerase chain reaction system were purchased from Life
Technologies, Inc. (Grand Island, New York). ITSþ (6.25 mg
insulin per mL, 6.25 mg transferrin per mL, 6.25 ng selenous acid
per mL, 5.35 mg linoleic acid per mL, and 0.125% bovine serum
albumin) was supplied by Collaborative Biomedical Products
(Bedford, Massachusetts). [32P]deoxycytidine triphosphate and
[3H]glycerol were purchased from NEN Life Science Products
(Boston, Massachusetts). Dual luciferase assay kits were pur-
chased from Promega (Madison,Wisconsin). TransIT-keratinocyte
Transfection reagent was obtained from Panvera Corporation
(Madison, Wisconsin). Dynal 280 beads coated with sheep anti
(rabbit IgG) or with sheep anti(mouse IgG) were purchased
from Dynal Biotech, Inc. (Oslo, Norway). Anti-caveolin 1mono-
clonal antibody (2297) and rabbit anti-caveolin 1 polyclonal
antibody were obtained from BD Transduction Laboratories,
Inc. (Lexington, Kentucky). Rabbit anti-AQP3 polyclonal
antibody was from Alomone Laboratories (Jerusalem, Israel).
Anti-PLD2 polyclonal antibody and horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit IgG were purchased
from Biosource International, Inc. (Camarillo, California). Anti-
HA (hemagglutinin) monoclonal antibody (12CA5) was
obtained from Roche Molecular Biochemicals (Indianapolis,
Indiana). Cy3-conjugated goat anti-rabbit IgG was from Jackson
ImmunoResearch (West Grove, Pennsylvania). Alexa Fluor 488-
conjugated goat anti-mouse IgG and ProLong Antifade kit were
purchased from Molecular Probes (Eugene, Oregon). 2-
Hydroxypropyl b-cyclodextrin, 2[N-morpholino]ethanesulforic
acid (MES) and all other chemicals and reagents were from
Sigma (St Louis, Missouri).
Plasmid Mouse AQP3 cDNA was generated from mRNA
puri¢ed from primary mouse keratinocytes using reverse
transcription^polymerase chain reaction. Neonatal mice were
used to derive the primary cultures of mouse epidermal keratino-
cytes under a protocol approved by the Institutional Animal Care
and Use Committee. An HA tag was introduced into the
carboxyl terminus of the AQP3 protein. The resulting construct,
designated as AQP3-HA, was cloned into the pcDNA3 vector.
The plasmid was then puri¢ed according to the manufacturer’s
instructions (Qiagen Inc.,Valencia, California).
Cell culture Epidermal keratinocytes were prepared from
neonatal ICR mice according to the method of Yuspa and
Harris (1974) with the appropriate institutional approvals. Brie£y,
after trypsinization of the skin, the epidermis was mechanically
separated from the dermis, and epidermal keratinocytes were
released by scraping. Cells were plated at a density of 25,000 cells
per cm2 and were allowed to attach overnight in the presence
of keratinocyte plating medium, followed by refeeding with a
low (25 mM) Ca2þ serum-free keratinocyte medium (SFKM), as
described by Griner et al (1999).
Isolation of caveolin-rich membrane microdomains
Caveolin-rich membrane microdomains were isolated by the
method of Song et al (1996). Brie£y, near-con£uent cultures of
primary keratinocytes were incubated for 24 h with SFKM
supplemented with 250 nM 1,25-dihydroxyvitamin D3, 1 mM
Ca2þ or vehicle control. For each treatment, cells from two 10
cm dishes were washed twice with ice-cold phosphate-bu¡ered
saline lacking divalent cations (PBS) and scraped into 2 mL of
500 mM sodium carbonate, pH 11. Cells were disrupted with a
loose-¢tting Dounce Homogenizer (10 strokes), followed by
sonication (three 10 s bursts). The homogenate was brought to
1(available online October 10, 2003): Zheng X, Ray S, BollagWB: Bio-
chim Biophys Acta in press.
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45% sucrose by addition of 2 mL of 90% sucrose in MBS (25
mM MES, pH 6.5, 150 mM NaCl) and placed at the bottom of
an ultracentrifuge tube. A 5% to 35% discontinuous sucrose
gradient was formed above by the addition of 4 mL of 35%
sucrose and then 4 mL of 5% sucrose in MBS bu¡er and
centrifugation at 261,000 xg for 16 h in an SW41 rotor
(Beckman Instruments, Palo Alto, California). One milliliter
fractions were collected from the top to yield a total of 12
fractions.
Immunoprecipitation and western blot analysis Freshly
isolated caveolin-rich membrane microdomain fractions were pre-
cleared with sheep anti-mouse or sheep anti-rabbit IgG-coated
Dynal beads (40 mL per mL). For vesicle immunoprecipitation,
the precleared samples were then incubated with anti-caveolin 1
(1 mg per mL), anti-PLD2 (1 mg per mL), anti-AQP3 antibody
(1 mg per mL) or control serum for 2 h at 41C in the absence of
detergent, followed by incubation with sheep anti-mouse or
sheep anti-rabbit IgG-coated Dynal beads (40 mL per mL) for 1 h
at 41C. Immunocomplexes were collected using magnetic sepa-
ration, washed four times with MBS bu¡er (pH 6.5), solubilized
in Laemmli sample bu¡er, denatured at 651C for 20 min and
subjected to western blot analysis. For standard immuno-
precipitation, the cleared samples were incubated with the
antibodies or control serum for 2 h at 41C as above but in the
presence of 1% nonidet P-40 (NP-40), followed by incubation
with sheep anti-mouse or sheep anti-rabbit IgG-coated Dynal
beads (40 mL per mL) for 1 h at 41C. Immunocomplexes were
then collected as above, washed four times with RIPA bu¡er
(1% NP-40, 150 mM NaCl and 50 mM Tris^HCl pH 7.4),
solubilized in Laemmli sample bu¡er, denatured at 651C for
20 min and subjected to western blot analysis. For western blot
analysis of sucrose gradient fractions, aliquots of the fractions
were combined with 2Laemmli sample bu¡er and denatured
at 651C for 20 min, before resolution by sodium dodecyl
sulfate^polyacrylamide gel electrophoresis (SDS^PAGE). Resolved
proteins were transferred to a PVDF membrane. The blots were
incubated with anti-caveolin 1, anti-PLD2, or anti-AQP3
antibody, washed extensively and incubated with horseradish
peroxidase-conjugated goat anti-mouse or goat anti-rabbit IgG.
The bands were visualized using enhanced chemiluminescence
(Pierce, Rockford, Illinois).
Confocal microscopy Mouse keratinocytes were grown to
60% to 70% con£uence in collagen I-coated four-well chamber
slides (BD Labware, Bedford, Massachusetts), then transfected
with the AQP3-HA-pcDNA3 plasmid or the pcDNA3 control
vector using TransIT-keratinocyte transfection reagent. The
transfection procedure was performed according to the
manufacturer’s instructions. The cells were allowed to grow for
48 h, then ¢xed with 4% paraformaldehyde (freshly made) for
15 min and permeabilized with 1% NP-40 for 10 min. Slides
were blocked with 15% normal goat serum for 30 min,
incubated with primary antibodies (5 mg per mL) for 1 h,
washed four times with PBS, incubated with Cy3-conjugated
secondary antibodies and Alexa 488-conjugated secondary
antibodies for 45 min and washed four times with PBS. Slides
were sealed with ProLong Antifade and examined under a Zeiss
LSM510 confocal laser scanning Microscope (Zeiss Group,
Oberkochen, Germany). All procedures were performed at
room temperature.
RNA isolation and northern blot analysis Near-con£uent
cultures of primary keratinocytes were re-fed with SFKM sup-
plemented with 250 nM 1,25-dihydroxyvitamin D3, 1 mM
Ca2þ or vehicle (control). After 24 h, the cells were collected
and lysed with Trizol reagent (Life Technologies, Inc., Grand
Island, New York). Total RNA was puri¢ed according to the
manufacturer’s instructions. Ten micrograms of total RNA was
separated on 1.2% formaldehyde^agarose gels and transferred to
nylon membranes. Following prehybridization for 2 h at 651C,
the blots were probed overnight in hybridization bu¡er (6
sodium citrate/chloride bu¡er, 5Denhardt’s Solution, 0.5%
SDS) at 651C with a [32P]-deoxycytidine triphosphate labeled
NcoI fragment prepared from AQP3 cDNA or a Pst1 frag-
ment prepared from glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA. The blots were then washed four times for
15 min at 651C in washing bu¡er (0.2 sodium citrate/chloride
bu¡er, 0.1SDS), and exposed to PhosphorImager screens and/
or Kodak X-ray ¢lm. The exposed screens were analyzed in a
Molecular Dynamics PhosphorImager (Sunnyvale, California).
Glycerol uptake analysis Near-con£uent primary keratino-
cytes were treated for 24 h with SFKM containing vehicle,
1mM Ca2þ or 250 nM 1,25-dihydroxyvitamin D3. The medium
was aspirated and replaced for 30, 60, 90, 120, 300, or 600 s with
SFKM containing 20 mM HEPES (for additional pH bu¡ering)
and 1 mCi per mL [3H]glycerol. Reactions were terminated by
washing three times with ice-cold PBS. The cells were
subsequently solubilized in 0.3 M NaOH and aliquots of this
extract were subjected to liquid scintillation counting. Counts
obtained from duplicate samples at each time point for the three
conditions were averaged and graphed, and a linear equation was
determined for each condition. Correlation coe⁄cients obtained
were typically 0.99 or greater. Slopes obtained from multiple
experiments were averaged and analyzed statistically for sig-
ni¢cant di¡erences between conditions.
Statistical analysis The signi¢cance of di¡erences between
mean values was determined using ANOVA, as performed by the
program Instat (GraphPad Software, San Diego, California).
RESULTS
AQP3 is colocated with PLD2 in caveolin-rich membrane
microdomains Based on the capacities of AQP3 to transport
glycerol and of PLD to utilize glycerol as a substrate, and the
localization of PLD2 in caveolin-rich membrane microdomains
in HaCaT cells (Czarny et al, 2000), it was hypothesized that
membrane microdomains provide a platform for a functional
interaction between AQP3 and PLD in primary keratinocytes.
To determine whether AQP3 and PLD are present in caveo-
lin-rich membrane microdomains, the detergent-free sucrose
gradient ultracentrifugation method was performed to isolate
these microdomains from primary keratinocytes. Western blot
analysis using anti-caveolin 1, anti-AQP3, and anti-PLD2
antibodies was employed to detect the distribution of caveolin 1,
AQP3, and PLD2 in the gradient fractions. As shown in Fig 1,
caveolin 1 was enriched in the light fractions (fractions 4 and 5),
despite the reduced protein concentration in these fractions
relative to heavier fractions 8 through 12 (Fig 1B). Both AQP3
and glycosylated AQP3 were distributed in fractions 4 and 5
where caveolin 1 located. PLD2 was also enriched in these
fractions. Thus, AQP3 was copuri¢ed with PLD2 in caveolin-
rich membrane microdomains.We also tested the distribution of
PLD1 in the gradient fractions. No signi¢cant signal was detected
with western blot analysis (data not shown).
Membrane microdomains are enriched in cholesterol and
sphingolipids. Depletion of cholesterol from plasma membranes
can disrupt the structure of lipid rafts and lead to a loss of
compartmentalization of caveolin and other signal molecules
within the lipid rafts (Furuchi and Anderson, 1998). b-cyclo-
dextrin is a cholesterol-binding reagent that removes cholesterol
from plasma membranes (Neufeld et al, 1996). To determine the
e¡ect of cholesterol depletion on the compartmentalization of
AQP3, PLD2, and caveolin 1, near-con£uent to con£uent cul-
tures of primary keratinocytes were incubated with 10 mM
b-cyclodextrin for 1 h at 371C. The cells were then collected,
homogenized, and subjected to discontinuous sucrose gradient
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ultracentrifugation. Fifty microliter aliquots of each fraction were
analyzed by western blotting. The distribution of caveolin 1,
AQP3, and PLD2 in fractions from control and b-cyclo-
dextrin-treated cells is shown in Fig 2. As above, caveolin 1 was
enriched in fractions 4 and 5 of the control cells, but was
primarily observed in fraction 5 in b-cyclodextrin-treated cells.
The distribution of PLD2 was also shifted to fraction 5 in
cholesterol-depleted cells versus fractions 4 and 5 in the control
cells. The majority of AQP3 was also concentrated in fraction 5
in cholesterol-depleted cells, whereas AQP3 was observed in
fractions 4 and 5 in the control cells. The same shift in the
localization of AQP3, PLD2, and caveolin 1 into more dense
fractions after cholesterol depletion suggested that AQP3 and
PLD2 were colocated in caveolin-rich membrane microdomains.
To demonstrate further that AQP3 and PLD2 were com-
partmentalized in the same population of caveolin-rich mem-
brane microdomains, vesicle immunoprecipitation experiments
were performed. Freshly isolated caveolin-rich fractions were
incubated with anti-AQP3, anti-PLD2, or anti-caveolin 1
antibody. Immunocomplexes were collected using secondary
antibody-coated magnetic Dynal beads (Stan et al, 1997) and
subjected to western blot analysis. As shown in Fig 3, AQP3
and PLD2 were detected in the vesicle population that was
pulled down by the anti-caveolin 1 antibody. Similarly, PLD2
and caveolin 1 were present in the vesicles that were pulled
down by the anti-AQP3 antibody, and caveolin 1 and AQP3
were also detected in the membranes pulled down by the anti-
PLD2 antibody. These results further suggested that AQP3 and
PLD2 were located in the same population of vesicles, composed
of caveolin-rich membrane microdomains.
Because the vesicle immunoprecipitation experiments were
performed in the absence of detergent, the colocalization of
AQP3 and PLD2 in membrane microdomains did not neces-
sarily suggest that there was direct protein^protein interac-
tion between AQP3 and PLD2. To determine whether
the colocalization of AQP3 and PLD2 in membrane micro-
domains is lipid- or protein-mediated, immunoprecipitation
assays were performed in the presence of 1% NP-40. As shown
in Fig 4, AQP3 pulls down PLD2 and vice versa, whereas neither
AQP3 nor PLD2 immunoprecipitated caveolin 1 and vice versa.
These data suggest that the interaction between AQP3 and PLD2
in lipid rafts is a direct protein^protein interaction or an adaptor
protein-mediated interaction. In contrast, the interaction between
Figure1. Co-fractionation of PLD2 and AQP3 in caveolin-rich
membrane microdomains (fractions 4 and 5). Near-con£uent to con-
£uent cultures of primary keratinocytes were lysed in 500 mM sodium car-
bonate, pH 11. The lysates were homogenized and fractionated using
sucrose gradient ultracentrifugation as described in Materials and Methods
to yield 12 fractions. Fraction 1 represents the top of the gradient. (A)Wes-
tern blots of PLD2, AQP3, and caveolin 1. Fifty microliter aliquots of each
fraction were subjected to 10% SDS^PAGE followed by western blot ana-
lysis with speci¢c antibodies directed against PLD2, AQP3, and caveolin 1.
The anti-AQP3 antibody recognizes both AQP3 and glycosylated AQP3
(glyAQP3). Results are representative of four experiments. (B) The protein
content of each fraction was measured using the micro BCA protein assay
kit (Pierce) with bovine serum albumin as standard. This result is represen-
tative of three experiments.
Figure 2. E¡ect of cyclodextrin on the partitioning of PLD2,
AQP3, and caveolin 1 in the low-density membrane fractions.
Near-con£uent to con£uent cultures of primary keratinocytes were incu-
bated in the absence (control) or presence (cyclodex) of 10 mM cyclodex-
trin for 1 h at 371C. Cells were lysed in 500 mM sodium carbonate, pH 11,
homogenized, and fractionated using sucrose gradient ultracentrifugation.
Fifty microliter aliquots of each fraction were subjected to 10% SDS^
PAGE followed by western blot analysis with speci¢c antibodies directed
against PLD2, AQP3, and caveolin 1. Fraction 1 represents the top of the
gradient. The experiment was repeated with similar results.
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caveolin 1 and AQP3 or PLD2 in lipid rafts appears to be a lipid-
mediated interaction.
Having shown the colocalization of AQP3 and PLD2 in
caveolin-rich membrane microdomains using biochemical
methods, we next performed immunocytochemistry experi-
ments to con¢rm further the colocalization of AQP3, PLD2,
and caveolin 1 in primary keratinocytes. In order to detect
colocalization by double staining, a monoclonal antibody that
recognized either PLD2 or AQP3 was required. We introduced
an HA tag into the carboxyl terminus of the AQP3 protein to
allow its detection with the monoclonal antibody to HA. The
expression vector containing AQP3-HA was then transiently
transfected into primary keratinocytes. Monoclonal anti-HA
antibody and polyclonal anti-PLD2 or anti-caveolin 1 antibody
were used for double staining. As shown in Fig 5, the majority
of AQP3 (green, Fig 5b) was colocated (yellow, Fig 5c) with
PLD2 (red, Fig 5a) in the plasma membrane. AQP3 (green, Fig
5e) was partially colocated (yellow, Fig 5f) with caveolin 1 (red,
Fig 5d) in the plasma membrane. Overexpressed AQP3-HA had
the same distribution pattern as endogenous AQP3 in primary
keratinocytes (data not shown).
AQP3 expression is downregulated during keratinocyte
di¡erentiation The colocalization between AQP3 and PLD2
in caveolin-rich membrane microdomains suggests that the
AQP3-PLD2 complex may serve as a signaling module and play
a part in the regulation of keratinocyte proliferation/
di¡erentiation. To ful¢ll this possible function, the signaling
module should somehow be regulated during the process of
keratinocyte di¡erentiation. To determine whether the protein
levels of AQP3 and PLD2 were regulated during keratinocyte
di¡erentiation, we analyzed protein expression of AQP3 and
PLD2 in the membrane microdomains. Near-con£uent primary
keratinocytes were incubated for 24 h with medium containing
vehicle or supplemented with 1 mM Ca2þ or 250 nM 1,25-
dihydroxyvitamin D3. Caveolin-rich fractions were obtained
from these cells using sucrose gradient ultracentrifugation as
described in Materials and Methods. Western blot analysis was
performed to test the protein levels of AQP3, PLD2, and
caveolin 1 in light fractions from cells after the di¡erent
treatments. As shown in Fig 6A, AQP3 protein in the caveolin-
rich membrane microdomains of di¡erentiated, Ca2þ -treated or
1,25-dihydroxyvitamin D3-treated, cells was not detected,
whereas a high level of AQP3 protein was detected in
undi¡erentiated cells (control). In contrast, PLD2 protein level
was not signi¢cantly changed between undi¡erentiated and
di¡erentiated cells. Caveolin 1 protein level was slightly
decreased in Ca2þ -treated cells. To determine if di¡erentiation
status a¡ected the membrane location of the three proteins, the
distributions of AQP3, PLD2, and caveolin 1 in fractions of
Ca2þ -treated or 1,25-dihydroxyvitamin D3-treated cells were
also tested. In di¡erentiating cells, AQP3 was not detected in
any of the 12 fractions, whereas PLD2 and caveolin 1 were
concentrated in fractions 4 and 5 under all conditions (data not
shown). Note that treatment of the cells with medium
containing 125 mM calcium, an intermediate concentration
comparable with that reported by Yuspa et al (1989) to increase
maximally keratin 1 protein levels, resulted in a reduction in,
but not a complete absence of, AQP3 protein in fractions 4 and
5 (data not shown).
To investigate whether the downregulation of AQP3 is at
a transcriptional or post-translational level, we performed
Figure 3. Immunoprecipitation of vesicles containing PLD2,
AQP3, and caveolin 1 from caveolin-rich membrane fractions.
Near-con£uent to con£uent cultures of primary keratinocytes were lysed,
homogenized, and fractionated as described in Materials and Methods. The
caveolin-rich fractions (fractions 4 and 5) were combined and precleared
with 40 mL of Dynal 280 beads coated with sheep anti-rabbit or anti-
mouse IgG. Equal volumes (200 mL) of cleared samples were incubated
with or without (negative control) speci¢c antibodies against PLD2,
AQP3, or caveolin 1 (as indicated at the bottom to the left of ‘‘IP:’’) for 2 h
at 41C, followed by the addition of 40 mL sheep anti-rabbit or sheep anti-
mouse IgG-coated Dynal beads for 1 h at 41C. Immunocomplexes were
collected using magnetic separation and subjected to SDS^PAGE followed
by western blot analysis with antibodies against PLD2, AQP3, and caveolin
1 (as indicated on the right below ‘‘WB:’’). Results are representative of
three experiments.
Figure 4. Co-immunoprecipitation of PLD2, AQP3, and caveolin 1
from caveolin-rich membrane fractions. Near-con£uent to con£uent
cultures of primary keratinocytes were lysed, homogenized, and fractio-
nated. Following the addition of NP-40 to a ¢nal concentration of 1%,
the caveolin-rich fractions (fractions 4 and 5) were precleared with
40 mL of Dynal 280 beads coated with sheep anti-rabbit or anti-mouse
IgG. Equal volumes (200 mL) of cleared samples were incubated with or
speci¢c antibodies against PLD2, AQP3, or caveolin (as indicated at the
bottom to the left of ‘‘IP:’’) for 2 h at 41C, followed by the addition of
40 mL sheep anti-rabbit or sheep anti-mouse IgG-coated Dynal beads for
1 h at 41C. Immunocomplexes were collected using magnetic separation
and subjected to SDS^PAGE followed by western blot analysis with anti-
bodies against PLD2, AQP3, and caveolin 1 (as indicated on the right
below ‘‘WB:’’). Results are representative of three experiments.
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northern blot analysis to study the expression of AQP3 mRNA
during keratinocyte di¡erentiation. Again, near-con£uent pri-
mary keratinocytes were incubated for 24 h with medium
supplemented with vehicle, 1 mM Ca2þ or 250 nM 1,25-
dihydroxyvitamin D3. Total RNA was isolated from these cells
and used to perform northern blot analysis. The mRNA level of
AQP3 was dramatically reduced when cells were triggered to
di¡erentiate by Ca2þ and 1,25-dihydroxyvitamin D3 (Fig 6B).
The GAPDH mRNA level was used to con¢rm equal RNA
loading. These data suggested that AQP3 expression is
downregulated at the transcriptional level during keratinocyte
di¡erentiation and that the decrease in mRNA results in a
decrease in protein levels.
Glycerol uptake is reduced during keratinocyte di¡erentia-
tion The downregulation of AQP3 protein expression with
Ca2þ and 1,25-dihydroxyvitamin D3 treatment suggested
possible functional e¡ects on cellular transport processes. AQP3
is known to transport glycerol e⁄ciently (Yang and Verkman,
1997). Therefore, we investigated the e¡ect of these treatments
on glycerol uptake into the cells. Keratinocytes were incubated
for 24 h with medium containing vehicle (control), 1 mM Ca2þ
or 250 nM 1,25-dihydroxyvitamin D3 prior to measurement of
[3H]glycerol uptake into the cells as described in Materials and
Methods. Glycerol uptake was linear up to 10 min (Fig 7A) with
correlation coe⁄cients typically greater than 0.99. The slopes
from multiple experiments for each condition were also
determined and analyzed. Ca2þ and 1,25-dihydroxyvitamin D3
caused a signi¢cant decrease in the rate of glycerol uptake
compared with the vehicle control, inhibiting by 34% and 27%,
respectively (Fig 7B). Thus, the decrease in AQP3 protein
expression appeared to be translated into a functional alteration
in keratinocyte cell transport processes.
DISCUSSION
The detergent-free fractionation method has been used in this
study to isolate caveolin-rich membrane microdomains from pri-
mary keratinocytes. AQP3, PLD2, and caveolin 1 were enriched
in fractions 4 and 5 (Fig 1). The localization of AQP3 in mem-
brane microdomains is consistent with previous reports that sug-
gest AQP3 is primarily localized in plasma membrane of both
mouse and human epidermal keratinocytes using electron micro-
scopy (Ma et al, 2002; Sougrat et al, 2002). The distribution of
caveolin 1 in low-density membrane fractions is also consistent
with a previous report using the human keratinocyte cell line,
HaCaT (Czarny et al, 2000). In contrast, the electron microscopic
results of Li et al (2001) suggest that caveolin 1 is localized to the
cytoplasm in corni¢ed human keratinocytes. Although Sando
et al (2003) con¢rmed this cytosolic distribution, these investiga-
tors also demonstrated caveolin protein expression in the basal
layer of the epidermis, as well as the association of caveolin-1
with lamellar bodies.
Cholesterol depletion shifts the localization of AQP3, PLD2,
and caveolin 1 from fractions 4 and 5 to predominantly fraction
Figure 5. Co-localization of AQP3 with PLD2 and caveolin 1 in keratinocytes. Subcon£uent cultures of primary keratinocytes grown in chamber
slides were transfected with HA-tagged AQP3 plasmid or pcDNA3 control vector. Forty-eight hours after transfection, cells were ¢xed in 4% paraformal-
dehyde in PBS. Cells were then double stained with anti-HA monoclonal primary antibody followed byAlexa 488-conjugated goat anti-mouse IgG sec-
ondary antibody, and anti-PLD2 or anti-caveolin 1 polyclonal primary antibody followed by Cy3-conjugated goat anti-rabbit IgG secondary antibody. (a)
Staining of PLD2; (b,e) staining of AQP3-HA; (c) double staining of AQP3-HA and PLD2; (d ) staining of caveolin 1; ( f ) double staining of AQP3-HA and
caveolin 1. Results are representative of three experiments.
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5 (Fig 2). The similarity in the shift pattern suggests that these
three proteins are in the same compartment. The question re-
mains, however: Why does cholesterol depletion not cause the
proteins to move to even heavier fractions? Only about 65% of
the cellular cholesterol can be removed when cells are incubated
with 10 mM b-cyclodextrin for 1 h at 371C (Neufeld et al, 1996).
In addition, the plasma membrane of keratinocytes contains
sphingolipids and glycosphingolipids (Madison et al, 1986), as well
as high levels of activity of several sphingolipid and glycosphin-
golipid biosynthetic enzymes (Sando et al, 1996). Thus, the abun-
dance of these sphingolipids and glycosphingolipids, along with
the remaining cholesterol, may be able to retain partially the
structure of the membrane microdomains in keratinocytes.
AQP3, PLD2, and caveolin 1 were cofractionated in low-density
fractions. Are they in fact present in the same population of
membrane microdomains? Vesicle immunoprecipitation studies
provide evidence that, at least part, if not all, of the cell’s comple-
ment of AQP3 and PLD2 proteins are colocated in caveolin-rich
membrane microdomains (Fig 3). The immunocytochemistry
data further support the colocalization of AQP3, PLD2, and
caveolin 1 (Fig 5).
Owing to the absence of detergent, however, the vesicle im-
munoprecipitation data do not necessarily signify direct interac-
tion of the three proteins. The standard immunoprecipitation
study performed in the presence of detergent provides evidence
that the colocalization between AQP3 and PLD2 is mediated by
a protein^protein interaction, whereas the colocalization between
Figure 6. Downregulation of AQP3 expression by elevated extracel-
lular calcium concentration and 1,25-dihydroxyvitamin D3 in kera-
tinocytes. (A) Near-con£uent keratinocytes were incubated for 24 h in
SFKM containing vehicle (0.05% ethanol; Con) or 1 mM calcium
(þ 0.05% ethanol; Ca2þ ) or 250 nM D3. Caveolin-rich fractions were pur-
i¢ed from these cells as described under Materials and Methods. Aliquots
with equal amounts of total protein (6 mg) of the caveolin-containing frac-
tions (fractions 4 and 5) were subjected to 10% SDS^PAGE followed by
western blot analysis with speci¢c antibodies against PLD2, AQP3 and
caveolin 1. (B) Near-con£uent keratinocytes were incubated for 24 h in
SFKM containing vehicle (0.05% ethanol; Con) or 1 mM Ca2þ
(þ 0.05% ethanol; Ca2þ ) or 250 nM 1,25-dihydroxyvitamin D3 (D3). To-
tal RNAwas isolated from these cells. Ten micrograms of total RNAwere
separated on 1.2% agarose gels and transferred to nylon membranes. Blots
were then probed with [32P]deoxycytidine triphosphate-labeled probes de-
rived from AQP3 cDNA and GAPDH cDNA. Results are representative
of four experiments.
Figure 7. Inhibition of [3H]glycerol uptake by elevated extracellular
calcium concentration and 1,25-dihydroxyvitamin D3 in keratino-
cytes. Near-con£uent keratinocytes were incubated for 24 h in SFKM
containing vehicle (0.05% ethanol; Con) or 1mM calcium (þ 0.05% etha-
nol; Ca2þ ) or 250 nM 1,25-dihydroxyvitamin D3 (D3). Cells were then
incubated for the indicated times in SFKM containing 20 mM HEPES
and 1 mCi per mL [3H]glycerol and radiolabeled glycerol uptake measured
as described under Materials and Methods. (A) [3H]Glycerol uptake in cpm
per well. Values represent the means of a single representative experiment
performed in duplicate. Shown also are the calculated linear equations with
the corresponding correlation coe⁄cient for each condition. (B) [3H]Gly-
cerol uptake slopes.Values represent the means of six separate experiments.
Average correlation coe⁄cients were determined for Con to be
0.99870.001, for Ca2þ , 0.99670.001 and for D3, 0.99670.005. po0.05,
po0.01 versus the control value.
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caveolin 1 and AQP3 or PLD2 is mediated by the lipid environ-
ment in lipid rafts. These data also explain the large percentage of
colocalization between AQP3 and PLD2 and the relatively small
percentage of colocalization between caveolin 1 and AQP3, as
demonstrated by confocal microscopy (Fig 5). It is not clear
whether the interaction between AQP3 and PLD2 is a direct pro-
tein^protein interaction or an adaptor protein-mediated interac-
tion. Although no evidence has been presented on the
interaction between AQP3 and other proteins, several reports
have demonstrated that the C-terminal tail of AQP1, AQP2,
AQP4, and AQP9 can bind to PDZ domain-containing proteins,
such as Pick-1 and syntrophin, with Pick1 mediating the forma-
tion of an AQP1^Pick 1^EphB2 complex in kidney cells and
syntrophin mediating the interaction between AQP4 and the
dystrophin protein complex as well as membrane targeting of
AQP4 in astrocytes and skeletal muscle cells (Cowan et al, 2000;
Adams et al, 2001; Neely et al, 2001).
Our results show that AQP3 is colocated with PLD2 in caveo-
lin-rich membrane microdomains. This provides a linkage be-
tween the glycerol-transporting function of AQP3 and the
glycerol-utilizing function of PLD2. Membrane microdomains
have been proposed as platforms for integrating cell signal-trans-
duction machinery. In this case, the caveolin-rich membrane mi-
crodomains may provide a platform for the functional interaction
between AQP3 and PLD2, allowing PLD2 to utilize the glycerol
transported byAQP3 to synthesize phosphatidylglycerol (PG). In
fact, we have demonstrated that PLD2 mediates PG synthesis in
primary keratinocytes1 and that AQP3 contributes to PG synth-
esis (data not shown). PG has been identi¢ed as a physiologic ac-
tivator of the protein kinase C (PKC) isoenzymes, PKCbII and
PKCy in leukemia cell lines, where PKCbII is required for cell
cycle progression and PKCy is responsible for the phosphoryla-
tion of the actin-binding domain of moesin (Murray and Fields,
1998; Pietromonaco et al, 1998). PG has also been shown to be in-
volved in modulating apoptosis by a¡ecting the targeting of tBid
to mitochondria, and subsequently cytochrome C release (Lutter
et al, 2000; Kuwana et al, 2002). In thylakoid membranes, PG is
required for the assembly of photosystem II (Kruse et al, 2000;
Sato et al, 2000). Thus, the AQP3-PLD2 signaling module in ker-
atinocytes, through its production of PG, may regulate the activ-
ity of PKC, the organization of signaling molecules, such as the
epidermal growth factor receptor, in lipid rafts, or the function of
mitochondria, and thereby a¡ect keratinocyte proliferation, dif-
ferentiation, and apoptosis. Thus, the presence of this signaling
module in keratinocytes may provide a potential mechanism to
explain the impairment of skin elasticity, barrier recovery, and
wound healing in AQP3-de¢cient mice (Hara and Verkman,
2003).
The localization of AQP3 and PLD2 in caveolin-rich mem-
brane microdomains also suggests caveolin 1 may be required for
the normal function of AQP3 and PLD2 in keratinocytes. Caveo-
lin 1 may help AQP3 and PLD2 target to speci¢c membrane mi-
crodomains. It has been shown that downregulation of caveolin 1
expression in HaCaTcells can decrease PLD activity in the caveo-
lin-rich fractions (Czarny et al, 2000), whereas in NIH-3T3
cells, which have low basal expression of endogenous caveolin,
expression of exogenous caveolin 1 can elevate PLD activity in
caveolin-rich fractions (Czarny et al, 1999). PLD2 requires phos-
phatidylinositol 4,5-bisphosphate as a cofactor (Colley et al,
1997), and membrane microdomains are enriched in phosphatidy-
linositol 4,5-bisphosphate (Hope and Pike, 1996; Pike and Casey,
1996). Thus, the localization of PLD2 in membrane microdo-
mains may explain the previously observed high basal activity of
PLD2 (Colley et al, 1997).
In this study, we also showed that AQP3 expression was down-
regulated when keratinocytes were induced to di¡erentiate by
1,25-dihydroxyvitamin D3 or elevated extracellular Ca
2þ . This
result is consistent with the reported localization of AQP3 in the
basal (proliferative) layer of the epidermis (Nielsen et al, 1997;
Matsuzaki et al, 1999), and also suggests that AQP3 and its down-
stream signal molecule PG may be important in early keratino-
cyte di¡erentiation. p73, a member of the p53 family, can bind
to putative p53 response elements in the promoter region of the
AQP3 gene and stimulate AQP3 expression (Zheng and Chen,
2001). p63, another member of the p53 family, is essential for ec-
todermal di¡erentiation (Mills et al, 1999; Yang et al, 1999). In the
epidermis, p63 protein is highly expressed in cells with high pro-
liferative potential, but is absent from cells that are undergoing
terminal di¡erentiation (Parsa et al, 1999). p63, like p53 and p73,
can also bind to putative p53 response elements to regulate gene
expression (Shimada et al, 1999; Dohn et al, 2001). The presence of
a putative p53 response element in the AQP3 gene (Zheng and
Chen, 2001) and the similar expression pattern of p63 and AQP3
suggest that AQP3 may be a gene regulated by p63. Further ex-
periments are necessary to test this idea.
During keratinocyte di¡erentiation, AQP3 is downregulated,
but PLD2 and caveolin 1 levels remain essentially unchanged.
This suggests that AQP3 is the key regulatory target in the
AQP3-PLD2 signaling module. Thus, the modulation of AQP3
expression and/or activity (for example, by proton concentration,
as in Zelenina et al, 2003) may provide a functional regulatory
mechanism for PLD2 at the substrate (glycerol) level despite the
retention of enzyme activity. In correlation with the downregula-
tion of AQP3 expression, glycerol uptake was also downregu-
lated when keratinocytes were induced to di¡erentiate (Fig 7).
In contrast to AQP3 protein, which was hardly detected in di¡er-
entiated cells, glycerol uptake in these cells was still signi¢cant.
This discrepancy could be related to a lack of sensitivity of wes-
tern blot analysis or to the existence of some other glycerol trans-
port mechanisms or ‘‘aquaglyceroporins’’ responsible for the
remaining glycerol transport. In addition to AQP3, AQP1 and
AQP9 expression has been reported in keratinocytes (Sugiyama
et al, 2001; Wen et al, 2001). Reports on the expression of other
aquaporins are unavailable. The investigation of the expression
of the other aquaglyceroporins, AQP7, AQP9, and AQP10, in
keratinocytes will help to address the question of glycerol uptake
more clearly.
In summary, we have reported that AQP3 colocalizes with
PLD2 in caveolin-rich membrane microdomains and is downre-
gulated upon keratinocyte di¡erentiation. These ¢ndings suggest
a functional linkage between AQP3 and PLD2, allowing the
production of PG, which may play an important part in regulat-
ing keratinocyte proliferation and di¡erentiation.
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